Magnetic resonance imaging (MRI) of the brain of fragile X patients, the most frequent form of inherited mental retardation, has revealed abnormalities in the size of specific brain structures, including the cerebellar vermis, the hippocampus, and the ventricular system. We intended to quantify the differences observed in the patient studies in the fragile X knockout mouse model, which is a good model for the disease, paralleling the human disorder in having cognitive deficits, macro-orchidism, and immature dendritic spines. Therefore we set up MRI of the mouse brain which allowed us to measure the size of the brain structures reported to be abnormal in human fragile X patients in the mouse model. We did not find evidence for size alterations in various brain regions of the fragile X mouse model, but the method described may find a wide application in the study of mutant mouse models with neurological involvement.
Introduction
Fragile X syndrome is the most common cause of inherited mental retardation with an estimated frequency of 1/4000-6000. 1 Besides moderate to severe mental retardation, features of the fragile X patient include macro-orchidism and specific dysmorphic features, as well as emotional and behavioural problems such as autistic features and hyperactivity. 2 The disorder is caused by transcriptional silencing of the FMR1 gene on Xq27.3 by massive intragenic CGG repeat expansion. 3, 4 FMRP, the protein product of FMR1, is ubiquitously expressed, most abundantly in cerebral neurons and the Purkinje cells of the cerebellum. How the absence of FMRP causes the symptoms in the fragile X patients is unknown, and the physiologic function of the FMRP is not well understood, although it is known that FMRP binds RNA. Although cognitive dysfunction is the most relevant abnormality in fragile X syndrome, pathological studies of fragile X brains have been scarce. At a macroscopic level, no reproducible pathological abnormalities have been reported in eight separate adult post-mortem cases. [5] [6] [7] [8] [9] However, after microscopic examination, dendritic spine abnormalities were found in fragile X patients. Control persons show a mixture of stubby, mushroom shaped, and long, thin spines of the cortical pyramidal neurons after Golgi-staining. Pathological observations of the brains of three adult fragile X patients showed the presence of irregularly long and thin, tortuous spines mixed with very few normal short and stubby ones, whilst the number of neurons appeared within the normal range when compared with controls. 7 Similar observations, though described in less detail, were made in a fragile X foetal brain sample. 10 It seems therefore that fragile X neurons possess synapses that resemble the immature synapses observed during neonatal development. It has been speculated that the immature synapses might be related to some aspects of the cognitive impairment in patients.
In contrast to neuropathological studies, abnormalities in the size of various brain structures of the fragile X patient were reported in studies using noninvasive methods, eg computed tomography (CT) scans or magnetic resonance imaging (MRI). CT scans of three patients revealed ventricular dilatation, exceeding the expected age alterations in one study. 11 These findings were partially confirmed by a different study, demonstrating ventricular dilatation in eight patients out of 27. 8 No evidence for ventricular dilatation or any other regional brain abnormality was found in the most recent study based on CT scan data comparing eight male fragile X patients with 20 healthy controls, but the right lateral ventricle appeared larger than the left in all but one of the patients. 12 Most neuroanatomical data on fragile X brains is derived from MRI studies. MRI has a better resolution and tissue contrast than CT and in addition allows accurate quantification of the volumes of selected brain structures. Hypoplasia of the cerebellar vermis, the mid-sagittal plane of the cerebellum, was the first abnormality reported in a preliminary MRI study. 13 The vermis is reported to be involved in sensory and motor integration, language, and modulation of agonistic behaviour.
14 Thus, neuroanatomical vermis abnormalities might be related to some of the specific behavioural abnormalities observed in the fragile X syndrome, including hyperactivity, attention deficits, speech dysfluency, and perseveration. In addition, as a similar reduction in the size of the vermis has been observed in autistic disorders, 15 it was suggested that this abnormality might be related to the autistiform behaviour found in a subset of patients with the fragile X syndrome. Vermis hypoplasia was confirmed in subsequent MRI studies, comparing 14 fragile X males with 17 controls with a comparable level of developmental delay, but not fragile X, and 18 controls with IQ values in the normal range (Table 1) . 14 The decrease in size was most prominent in the posterior vermis (lobules VI-X), notably in the lobules VI-VII, but not detected in the anterior vermis (lobules I-V). Volumetric data indicated no differences in cerebellar volume between fragile X males and controls, indicating the cerebellar abnormalities in patients are specifically restricted to the posterior vermis. Not unexpectedly, as fragile X female patients possess one functional copy of the FMR1 gene, the decrease in posterior vermis area measured in 12 fragile X females was intermediate between male patients and a female control group, consisting of 12 IQ matched, non-fragile X controls. 16 More recently, an inverse correlation between vermis area and the incidence of fragile X-specific motor behaviour has been demonstrated. 17 In addition, an association between the degree of vermis hypoplasia and cognitive performance was suggested. 18 Along with the vermis hypoplasia, a 25-35% increase in size of the 4th ventricle has been reported. 13, 14, 16 It remains to be demonstrated whether this is a direct consequence of the size reduction of the vermis hypoplasia or of a more general increase of the ventricular system since the volume of the lateral ventricular cerebrospinal fluid was also increased by 60-80% in a group of 18 male patients. 19 No size abnormalities were found in other posterior fossa or midline brain structures, including the corpus callosum, midbrain, pons, medulla, and third ventricle. 14, 16 However, when the volumes of temporal lobe structures of 15 young fragile X patients and 26 age and IQ matched controls were compared by MRI, an agerelated increase in both the left and right hippocampal volume, as well as an age-related decrease in the volume of the superior temporal gyrus was reported. 20 Of temporal lobe structures, the hippocampus is potentially the most relevant to the pathogenesis of fragile X syndrome. It is a key structure in learning and memory, essential for the processing of visual-spatial information, a function that fragile X patients specifically perform worse than controls with a comparable level of developmental delay, but not fragile X, in cognitive function tests. In contrast to the age-related decrease in hippocampal volume in younger patients, an MRI study by a different group of researchers found no evidence for a size alteration of the hippocampus in 16 adult patients. 21 Fragile X patients also had a significantly larger volume of the caudate nucleus. 19 This is a subcortical nucleus, which allows the cerebral cortex to affect behaviour, and thus this structure may be related to some of the behavioural abnormalities of fragile X MRI in fragile X knockout mice RF Kooy et al t syndrome. Together with the lenticular nucleus (putamen), and the thalamic nucleus, the caudate nucleus forms the subcortical grey. In this same MRI study, an increase in the total brain volume in females but not in males was reported, whilst in an independent CT scan study a 12% increase in total brain volume in males was reported.
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Given the importance of the reported brain anomalies in understanding the pathogenesis of the fragile X syndrome and the function of the FMR1 gene, we intended to quantify the brain anomalies in the fragile X knockout mouse. The fragile X knockout mouse produces no FMRP, and resembles human patients in showing impaired performance in cognitive function tests, macro-orchidism, and dendritic spine abnormalities. [22] [23] [24] [25] In parallel with studies performed on human patients, no other abnormalities were found in neuropathological studies of the knockout mouse brain. 22 It therefore seems a true animal model for the human disorder. Using a mouse model will allow us to analyse the effect of the FMR1 mutation in a constant genetic background, an experimental set-up not possible with studies performed on human subjects.
Materials and Methods

Animal Handling
Eleven 70-day old male knockout and 11 70-day old male control FVB/N, 129 littermates were anaesthetised with a mixture of ketamine, xylazine and 0.9% NaCl in a 2.1/0.3/3.4 mixture. Anaesthesia was induced by intramuscular injection of 0.1 ml of this mixture, and maintained by subcutaneous injections of 0.05 ml every half hour. This protocol proved sufficient to keep the mice motionless for prolonged periods of time and was non-lethal.
MR Imaging
In vivo MR imaging was performed at 300 MHz on an SMIS MR system (SMIS, Guildford, UK) with a 7T horizontal bore magnet and 8 cm aperture self-shielded gradients with a strength of 100 mT/m (Oxford Instruments, Oxford, UK). By means of a stereotactical apparatus -ear plugs and a tooth bar -the head of the anaesthetised mouse was firmly fixed and positioned in the centre of a 30 mm wide RF bird cage coil used for both transmitting and receiving. Scouting spin echo images were first acquired to position the brain in the centre of the magnet and subsequently to orient the slab of the 3D acquisition.
To obtain high resolution sagittal images of the mouse brain within reasonable experimental time, a 3D Fast Spin Echo sequence 26, 27 was used with an echo train length of four, reducing the imaging time by a factor of 4. MR signals of a 3D volume of (20 ϫ 20 ϫ 22) mm 3 were acquired with a (256 ϫ 128 ϫ 64) acquisition matrix. The images were taken with a repetition time of 2000 ms and an echo time of 25 ms. The central line of k-space was sampled at the first echo.
These parameters were chosen so that the best compromise was made to obtain 3D images within an acceptable time, demonstrating a proper 4th ventricle delineation together with a good contrast between grey and white brain tissue, permitting a segmentation of the cerebellum. Since optimum quality of the images was by sampling the central line of k-space during the first echo, the use of longer TE (to obtain better T 2 -weighting) decreased the signal from later echoes, and thereby lowered the image quality. The imaging procedure took about 70 min after which all mice recovered. The raw MR data was zero-filled to (256 ϫ 256 ϫ 256) for the image reconstruction. This zero-filling in the frequency space corresponds to sinc-interpolation in real space, and interpolation helps to determine the boundary of the structures to be segmented. This is because neighbouring pixels are strongly correlated (if not, the image would only contain white noise). It is very hard to quantify the increase in precision of the volume determination because that would require knowledge of the underlying (unknown) signal, but we believe that it can almost be doubled by doubling the data in the frequency space by zero-filling. Therefore, we assume an image matrix containing 256 sagittal slices of 86 µm with spatial resolution of (78 ϫ 78) µm.
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Image Processing
Image processing was performed on an HP 720 workstation. Brain structures were defined according to the mouse brain atlas. 28 A semi-automatic 3D segmentation technique 29 was used to extract the brain and cerebellar volumes from 3D mouse MR images. Delineation of the 4th ventricle was based on intensity threshold selection, after reslicing the sagittal images to coronal images. For each data set, the threshold was consistently derived from the histogram of the total brain segmented data. The mid-sagittal areas of the entire brain, cerebellum and 4th ventricle were measured on the central slice applying the same segmentation procedure. Other areas were delineated by hand on expanded images: anterior and posterior cerebellum and subcortical grey on the mid-sagittal slice; and hippocampus on a sagittal slice at a distance of 0.6 mm from the central slice.
Results
The entire brains of 11 knockout and 11 controls were imaged; 256 sagittal slices were recorded from each animal, from one extreme end to the other of the mouse brain. The images were used to generate a 3D reconstruction of the entire mouse brain as described. 29 Brain structures reported abnormal in human studies were identified with the aid of the atlas The Mouse Brain in Stereotaxic Coordinates. 28 On the mid-sagittal section, total brain area of knockouts and controls did not differ significantly (Table 2) . On the same section, the vermis of the cerebellum could be well delineated (Figure 1) . Eleven knockouts showed an average vermis area of 12.7 ± 0.8 mm 2 (Table 2 ). This is identical to the controls, measuring 12.7 ± 1.0 mm 2 . This is in line with MRI in fragile X knockout mice RF Kooy et al t human data, showing no difference in total vermis size between patients and controls (Table 1) . However, in contrast to human data, no difference between posterior vermis size between knockouts and controls was measured. In line with this observation, as a reduction of the size of the cerebellar vermis results in an increase in the size of the 4th ventricle, 30 no significant difference in 4th ventricular area was observed between knockouts and controls.
The subcortical grey, consisting of caudate, lenticular, and thalamic nucleus, could also be delineated and measured at the mid-sagittal section, although it was not possible to identify each of the nuclei individually (Figure 1) . In man, a significant difference between patients and controls in subcortical grey volume has been reported, but in the mouse model, the mid-sagittal area of knockouts (4.1 ± 0.2 mm 2 ) did not differ significantly from that of the controls (4.0 ± 0.1 mm 2 ). Although the hippocampus was discernible on the same section (Figure 1) , measurements proved inconsistent, as the hippocampus is too small and not properly delineated on the mid-sagittal slice. Therefore, we measured the hippocampus on para-sagittal sections -7 slices (about 0.6 mm) lateral from the mid-sagittal section -where the hippocampus is larger and well delineated from the surrounding brain structures. No significant difference between left and right section was measured and comparison of the mean hippocampal area from the knockouts (2.0 ± 0.2 mm 2 ) with the controls (2.0 ± 0.18 mm 2 ) revealed no difference between the two groups.
Using the 3D reconstruction of the mouse brain (Figure 2) , it was possible to calculate the total brain volume and compare the knockout (516 ± 16 mm 3 ) with the control volume (524 ± 27 mm 3 ). In contrast to human fragile X brains which are larger than controls, no significant differences in size between knockout and control brains were found. The cerebellum was extracted from the cerebellum (Figure 2d ) to allow size measurements of this structure separately from the rest of the brain, but no difference in size between control and knockout brains was registered. Using the same 3D reconstruction, it was possible to delineate the 4th ventricle on all slices, and thus determine its volume. No significant difference in size between knockouts (1.7 ± 0.2 mm 2 ) and controls (1.8 ± 0.3 mm 2 ) was found.
Discussion
We did not find evidence in the fragile X mouse model of size abnormalities of the brain regions reported to be abnormal in human fragile X patients, although we measured as many brain structures as possible which were reported abnormal in size in a series of human studies (see Table 1 ). Volumes of the cerebrum and the 4th ventricle were calculated. It was not possible to measure the volume of the subcortical grey or the hippocampus in the mouse model, because the boundaries of these brain regions with the surrounding brain structures were not completely discernible on each section, so we used the mid-sagittal area instead as a measure of the size of these brain regions. In addition, the mid-sagittal area of the cerebellar vermis and the 4th ventricle, reported abnormal in at least five different human studies, were not different between knockouts and controls. 3 , surface areas in mm 2 . All surface areas are calculated from mid-sagittal slices, with the exception of the hippocampus, which was recorded on para-sagittal slices about 0.6 mm lateral from the mid-sagittal section. The mean of both para-sagittal hippocampal sections is provided. The anterior vermis was defined as lobules 1 to 5 and the posterior vermis as lobules 6 to 10. P values were calculated using Student's t test. NS, not significant.
Two alternative explanations for the discrepancy between the human and murine pathology are possible. First the mouse model may simply not resemble the human disease with respect to brain structure, although the same neuropathologic abnormalities of dendritic spines have been reported in both. 7, 25 Alternatively, the structural differences in brain anatomy between human fragile X patients and controls may somehow have been overestimated in previous studies. Other preliminary human studies also point in that direction. 21 In the latter respect, it is of interest to realise that the original finding that inspired the neuroanatomical studies on human fragile X patients, a correlation between autism and vermis size, 9, 15 was recently questioned. A size reduction of the posterior vermis was not exclusively found in a subset of patients with autism, but also in a percentage of patients suffering from neurogenetic syndromes without autistiform features. 31 We studied here the neuroanatomy of a fragile X mouse model in living animals. The advantage of MRI recordings of living mice is that fixation artefacts are avoided and that the development of specific brain structures can be registered at several time points in the life of the same mouse. The images were of high resolution and allowed reliable and reproducible volume measurements of total brain, cerebellum, and 4th ventricle, and surface area determinations of several other brain regions. To our knowledge, in vivo high resolution MRI has not been used before to study brain anatomy from transgenic mouse models, 32 and it can be expected that the protocol described here and in our parallel study on the L1CAM knockout mouse 30 will be of wide use in the characterisation of mouse models of human disorders with neurological involvement. 
